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Abstract 
Systematic under-reproduction of time has been interpreted as a misperception of time and, therefore, seems to contradict basic 
assumptions of pacemaker-accumulator models. An alternative explanation of this phenomenon is proposed, based on 
methodological constraints regarding the direction of time, which cannot be manipulated in experiments on time perception. 
Results from two experiments demonstrate that the direction of reproduction errors depends on the direction of the dimensional 
change (i.e., ascending vs. descending values). Specifically, these results support the assumption that temporal under-
reproduction does not reflect a genuine misperception of time, but rather a methodological artefact. Generally, the results 
demonstrate that time-asymmetric presuppositions about reality need to be considered in experiments on time perception. 
© 2014 The Authors. Published by Elsevier Ltd. 
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Perception. 
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1. The under-reproduction of time 
The adequacy of pacemaker-accumulator models (e.g., Treisman, 1963) has been challenged by the finding of 
systematic errors in time reproduction tasks (Wackermann & Ehm, 2006). In such tasks, a standard interval of a 
specified duration is presented, and the participants are then asked to reproduce its duration by stopping a second 
interval at exactly the same time. Applications of these tasks consistently reveal a systematic under-reproduction of 
durations, i.e., reproduced intervals are shorter than the standards (Eisler, 1976). This phenomenon has been 
interpreted as a systematic misperception of time, and as such, it seems to conflict with basic assumptions of 
pacemaker-accumulator models (Wackermann & Ehm, 2006; Wackermann, 2005). 
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The conception of an internal pacemaker with a varying pulse rate can explain temporal misperceptions, when a 
translation between the direct experience and the abstract numerical representation of durations is required. But in 
time reproduction tasks, both the standard and the reproduction interval is directly perceived and no translation into 
conventional time units (e.g., seconds or minutes) is required. An altered pacemaker rate should therefore affect the 
perception of both intervals to the same extent, which would result in accurate performance even if time is perceived 
as speeded up or slowed down (Wackermann & Ehm, 2006; Wearden, 2004). 
Several models of time perception can explain the phenomenon of time under-reproduction. For example, the 
attentional-gate model (Zakay & Block, 1997), the parallel-clock model (Eisler, 1975), and the dual klepsydra model 
(Wackermann & Ehm, 2006). However, all of these models are based on the assumption that the systematic errors in 
time reproduction tasks are caused by a misperception of time. 
We will argue for an alternative explanation of the phenomenon, which is based on a methodological constraint in 
timing experiments (Riemer, Trojan, Kleinböhl, & Hölzl, 2012). According to this interpretation, the systematic 
under-reproduction of time does not reflect a misperception of time, but rather a general judgement bias. 
2. The arrow-of-time dilemma 
Time reproduction involves a high degree of uncertainty. During the reproduction phase, participants are 
uncertain about the equality between the standard and the reproduction interval. The perceived likelihood for this 
equality varies as a function of elapsed time (Fig. 1). It increases steadily during the reproduction phase until the 
point of objective equality of both intervals is reached, and afterwards it decreases again. However, participants are 
not able to exactly determine the point of objective equality, and therefore their judgements are based on a less 
restrictive criterion (red horizontal line in Fig. 1) than the maximum of the curve. If the perceived likelihood of 
equality exceeds this criterion, participants accept this value and terminate the reproduction interval. 
The under-reproduction of temporal intervals becomes entirely comprehensible, when we consider an essential 
methodological constraint we are confronted with in time perception experiments. It is the mere fact that perceived 
time runs always in the same direction. To present an interval of 5 s, we have to start at zero and then continually 
increase this interval. We cannot start at a value of 10 s, and then continually decrease this interval. All other 
dimensions, for example pitch and brightness, can be presented in ascending and descending values, only in time 
perception experiments we are constrained to ascending values. Together with the application of a less restrictive 
criterion for equality judgements, this necessarily results in an early termination of the reproduction interval (Fig. 1). 
 
 
Fig 1: Course of the subjectively perceived probability for the equality between standard and reproduction interval. 
 
If this judgement bias, and not a misperception, is the reason for the under-reproduction phenomenon in timing 
experiments, the conclusion would be that the under-reproduction of time does not result from the fact that shorter 
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durations are perceived as being longer, but rather by the fact that they inevitably are presented previous to longer 
ones. 
3. The experiment 
The hypothesis that the systematic under-reproduction of time is caused by a judgement bias against the direction 
of the dimensional change cannot be tested directly, for this would require an experimental condition with time 
running backwards. But inferences can be made from other dimensions, for which the direction of the dimensional 
change can be reversed. To compare the errors in time reproduction tasks with similar errors in other dimensions, we 
implemented analogous reproduction tasks for pitch and brightness. The direction of dimensional change within 
these dimensions was systematically varied between ascending and descending values. 
In all tasks, five different standard stimuli were presented several times in randomised order. In time 
reproduction, standard durations of 1, 2, 3, 4, and 5 s were presented, triggered by acoustic or visual stimuli, and 
should be reproduced by termination of a second sound or visual stimulus, respectively. In pitch reproduction, 
standards were sine wave sounds of 900, 950, 1000, 1050, and 1100 Hz, and in brightness reproduction, standards 
were visually presented squares (88mm2) of 30, 40, 50, 60, and 70 pct of black/white contrasts. In pitch/brightness 
reproduction, the reproduction phase consisted of a sound/square of either increasing (ascending condition) or 
decreasing pitch/brightness (descending condition). The standards used in the different tasks were specified in such a 
way that the corresponding temporal intervals between the beginning of the reproduction phase and the point of 
objective equality were identical. 
We analysed the accuracy of judgements, defined as the median of signed differences between reproduced and 
standard values, and the precision of judgements, defined as the interquartile range of the difference values. 
 
 
Fig. 2: Reproduced values for time, pitch, and brightness. 
4. Results 
Fig. 2 shows the accuracy of reproductions. As confirmed by one-tailed t-tests, errors were negative for time 
(auditory: t14=6.1, p<.0001; visual: t15=5.4, p<.0001), ascending pitch (t12=5.5, p<.0001), and ascending brightness 
(t14=6.6, p<.0001), but negative for descending pitch (t11=2.8, p<.01) and descending brightness (t13=5.7, p<.0001). 
Fig. 3 shows the variability of reproductions. To investigate the influence of the dimensional change direction on 
the variability of reproduction errors, we analyzed individual slopes of the linear regression between the standard 
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stimuli and the associated interquartile ranges using Wilcoxon signed-rank tests (one-tailed). Longer temporal 
intervals between the beginning of the reproduction phase and the point of objective equality increased the 
variability of reproduced values for time (auditory: V14=120, p<.0001; visual: V15=133, p<.0001), ascending 
brightness (V14=120, p<.0001), and descending pitch (V11=15, p<.05) and brightness (V13=21, p<.05), but nor for 
ascending pitch (V12=63, p=.12). 
5. Discussion 
The results indicate that the reproduction method in general causes errors against the direction of dimensional 
change (Fig. 2). Systematic errors, as they have been frequently observed in time reproduction tasks, also occur in 
pitch and brightness reproduction. Furthermore, the direction of these errors depends on the direction of dimensional 
change. Ascending values result in under-reproduction and descending values in over-reproduction, independent of 
the dimension in question. This result explains the under-reproduction of time by the fact that temporal intervals can 
only be presented in ascending values. 
The precision of judgements decreases for longer time intervals between the beginning of the reproduction phase 
and the point of objective equality (Fig. 3). This result is in line with Weber’s Law and explains the progressive drift 
of reproduction errors for longer intervals: the longer the standard value has to be remembered, the higher is the 
uncertainty about the equality between reproduced and standard value. Increased uncertainty results in a lowered 
subjective criterion for equality (Fig. 1), and therefore in a more pronounced under-reproduction. 
 
 
Fig. 3: Variability of reproductions for time, pitch, and brightness. 
6. Conclusion 
The phenomenon of temporal under-reproduction, which repeatedly has been found in time reproduction tasks, is 
based on a methodological artefact, and consequently does not reflect a genuine misperception of time (Riemer et 
al., 2012). This interpretation is in line with the basic assumptions of pacemaker-accumulator models for time 
perception. 
From a more general perspective, the results demonstrate the importance to consider methodological constraints 
on time perception experiments, and to refrain from time-asymmetric presuppositions. 
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